The maximum magnetisation (saturation magnetisation) obtainable for iron oxide nanoparticles can be increased by doping the nanocrystals with non-magnetic elements such as zinc. Herein, we closely study how only slightly different synthesis approaches towards such doped nanoparticles strongly influence the resulting sub-nano/atomic structure. We compare two co-precipitation approaches, where we only vary the base (NaOH versus NH 3 ), and a thermal decomposition route. These methods are the most commonly applied ones for synthesising doped iron oxide nanoparticles. The measurable magnetisation change upon zinc doping is about the same for all systems. However, the sub-nano structure, which we studied with Mössbauer and X-ray absorption near edge spectroscopy, differs tremendously. We found evidence that a much more complex picture has to be drawn regarding what happens upon Zn doping compared to what textbooks tell us about the mechanism. Our work demonstrates that it is crucial to study the obtained structures very precisely when ''playing'' with the atomic order in iron oxide nanocrystals.
Introduction
Magnetic nanoparticles have aroused much interest in recent years which will certainly continue in the future as tiny magnetic objects bear much potential for a huge variety of applications. For instance, their potential in the following fields has been demonstrated: biotechnology/biomedicine, 1 magnetic resonance imaging, 2,3 catalysis, 4,5 magnetic fluids, 6 environmental remediation 7, 8 and data storage. 9 Although the fields where magnetic nanoparticles are envisaged to be utilised are very different and thus demand different properties, there is mostly one thing in common; under an externally applied field, the magnetic nanoparticles should be as strongly magnetic as possible, as only then can they be turned into active actuators.
The most prominent class of nanomagnetic particles are iron oxides. Which are attractive because they show good magnetic properties, are easily synthesised, the elements are abundant, and not to forget that iron is not toxic, compared to nickel or cobalt for instance.
Among the class of magnetic iron oxides, maghemite (g-Fe 2 O 3 ) and magnetite (Fe 3 O 4 ) , are relevant as all other iron oxide forms are inferior with respect to magnetic properties. In bulk, magnetite and maghemite are ferrimagnetic materials with a remarkable saturation magnetisation of 92-100 emu g À1 and 60-80 emu g À1 , respectively. 10 Unfortunately, the saturation magnetisation, M s , of a bulk ferro-or ferrimagnetic material is usually higher than for nanoparticles of the same material. 11 The main reason for the drop of M s is the high fraction of atoms on the surface of a nanoparticle. At the surface, the atoms have different coordination as well as dangling bonds. This leads to misalignment of spins (frustrated spins) and thus a shell of atoms that do not contribute to the total magnetisation. 12 Furthermore, surface oxide effects are also encountered which might reduce the total magnetisation of a particle.
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However, this draw-back can be overcome by engineering the arrangement of the magnetic moments in the nanocrystals. The magnetisation results from the sum of the vectors of the magnetic atomic moments within the crystal.
Magnetite (Fe 3 O 4 ) possesses an inverse spinel structure. 10 It has a face centred cubic unit cell with 32 O 2À closed packed Maghemite (g-Fe 2 O 3 ) is a kind of defect magnetite with only Fe(III) ions and vacancies in the spinal structure, whereas these vacancies are randomly distributed at the tetrahedral and octahedral sites. It is obvious that within the structure, a higher magnetisation can be achieved if the Fe(III) in the tetrahedral sites is replaced by a non-magnetic element to basically ''rule out the antagonist''. However, there is no direct access to this sub-nano structure control, i.e., engineering at the atomic level can only be indirectly done by setting the right chemical conditions during the synthesis to achieve the desired result.
In fact, replacement of tetrahedral sites by several metal cations (that do not possess a magnetic moment) has been reported when these were present during nanoparticle synthesis. [14] [15] [16] [17] [18] The most prominent candidate turned out to be zinc, which preferentially occupies the tetrahedral sites during wet-chemical bottom-up nanoparticle formation, and thus replaces Fe(III) and ultimately yields an overall increased magnetisation in magnetite nanoparticles. 14, 15, 17 As stated, as there is no direct control on the atomic arrangement in the nanoparticles, this is rather a result of the chemical synthesis conditions, we herein investigated the sensitivity of the outcome with respect to the synthesis method. We studied the sub-nano structure of iron oxide nanoparticles undergoing Zn doping and found that the sub-nano structure can be very complex and differ in detail for different synthesis routes, although, superficially considered, the same well-known trend of increasing magnetisation with increasing Zn doping level was observed.
We compared the two most often reported methods to synthesise Zn doped magnetic iron oxide nanoparticles -the precursor co-precipitation and the thermal precursor decomposition route. The co-precipitation approach was done with two different bases, namely NaOH and NH 3 . These two bases are often used, however, to the best of our knowledge, they have not been studied with respect to their influence on the sub-nano structure upon formation of Zn doped magnetic iron oxide nanoparticles. 3 , 97%+) and oleylamine (70%+) were purchased from Sigma-Aldrich. Zinc chloride (ZnCl 2 , 97%+), aqueous ammonia solution (NH 3 (aq.), 28-30 wt%) in water and sodium hydroxide (NaOH, 3 M) in water were purchased from Carl Roth. All chemicals were used without further purification.
Experimental

Synthesis of Zn doped iron oxide nanoparticles via co-precipitation
The precipitation of zinc doped iron oxide nanoparticles was conducted using two different bases, namely sodium hydroxide (NaOH) and aqueous ammonia (NH 3 (aq.)). After 5 min of additional heating, the heating mantle was removed and the solution was allowed to cool down to room temperature. The nanoparticles were collected by adding an excess of ethanol which temporarily agglomerated the nanoparticles. Subsequently, the nanoparticles were washed with ethanol, acetone and cyclohexane using a handheld magnet and finally redispersed in cyclohexane. For co-precipitation, the base is the reactant that transforms the precursors to the final product state. For thermal decomposition, this is oleylamine (OA). Therefore, in the same manner as for the co-precipitation experiments, from now on the samples will be named after this ingredient, i.e., the products from thermal decomposition with different amounts of Zn are named ''OA''.
Analyses methods
VSM. Magnetic properties of the particles were recorded with a vibrating sample magnetometer (VSM, VersaLabTM 3T, Cryogen-free Vibrating Sample Magnetometer), cycling the applied field from À30 to +30 kOe two times with a step rate of 100 Oe s
À1
. Detailed analyses were carried out by cycling the applied field from À5 to +5 kOe at 5 Oe s
. The temperature was set to 293 K (20 1C) to study the behaviour of the particles at room temperature.
ICP-OES. The chemical composition of the precipitated materials was analysed with inductively coupled plasma optical emission spectroscopy (ICP-OES) using a Varian Vista-Pro CCD simultaneous ICP-OES. The samples synthesised by precipitation were digested in hydrochloric acid. The samples synthesised by thermal decomposition were digested in a mixture of hydrochloric acid and nitric acid.
Mössbauer. The 57 Fe Mössbauer absorption spectra have been measured at room temperature utilising 57 Co source in Rh matrix. A Mössbauer spectrometer of an electromechanical type was used in the constant-acceleration mode. The 14.4 keV g-rays were detected with a proportional counter. The velocity scale was calibrated at room temperature with a metallic iron foil.
The low temperature spectra were analysed by means of leastsquares fitting procedure with a number of magnetically-split spectrum components corresponding to different iron positions. XANES. X-ray absorption near edge spectroscopy (XANES) measurements were performed on Zn and Fe K-edges at Super-XAS beamline at the Swiss Light Source (SLS) synchrotron laboratory in Villigen. Spectra were recorded at ambient conditions using Ka partial fluorescence yield detection scheme. A fourelement SDD chip (made by Ketek) was placed in 45/90 degree (sample/detector) geometry with respect to the incoming X-ray beam monochromatised by a pair of flat Si(111) crystals. Measurements were performed on the composite of nanoparticles diluted in boron nitride powder pressed in the form of B1 mm thick pellets. The samples were prepared for optimum detection of the Zn dopants' spectra, while the Fe K-edge XANES spectra suffer from self-absorption and thus were corrected for.
TEM. Nanoparticles were deposited onto ultrathin carbon film on holey carbon. The structure, the shape and the size of the particles were studied using a transmission electron microscope (TEM) FEI Titan operating at 300 keV. Quantitative analysis of the TEM images was used to obtain the mean particle size and the size distribution for each series of the synthesised nanoparticles. This was done by fitting round circles around the lattice fringes of the nanoparticles and measuring their diameter. The sample size for each distribution was 60 nanoparticles.
Results and discussion
As described in the Experimental section, the precipitation of iron(II) together with iron(III) was done in the presence of 0-0.4 formula units of Zn in the formula Zn x Fe 3Àx O 4 , as formation of magnetite (Fe 3 O 4 ) from the syntheses was initially expected, following the assumptions of existing literature on doping iron oxide nanoparticles. The ratio of the metal ions was Fe(II) : Fe(III) : Zn(II) = 1 : 2 À x : x. All precipitation reactions were carried out either with NaOH or NH 3 as the precipitant base. In the thermal decomposition method, iron(III) acetylacetonate was used without any other iron(II) source and Zn was offered in the same ratios. Table 1 shows the theoretical formulae for each Zn doping level next to the formulae that were determined from ICP-OES (see Experimental section for details on the sample preparation that ensured that only the composition of the nanoparticles alone was measured).
It can be clearly seen that the actual Zn content only fits (with slight excess of Zn) the set precursor ratios for the NaOH precipitation route (NaOH samples). For the thermal decomposition route (OA samples), it can be seen that about 30-50% too little Zn is incorporated in the iron oxide structure. In which case, a less efficient Zn incorporation can be justified with very different reaction mechanisms probably occurring during nanoparticle formation. For instance, for this method a reduction of Fe(III) to Fe(II) occurs, which might disturb the Zn incorporation. However, what is remarkable is the different result for the precipitation route conducted with NH 3 (NH 3 samples). Although the precipitation with NH 3 is conducted exactly in the same manner as with NaOH, the Zn incorporation is about 30-45% below the envisaged amount and apparently cannot exceed a content x of about 0.22. This is a first indication that the structures might be quite distinct because of only slightly different synthesis conditions. Fig. 2 shows the saturation magnetisations of the particles at 30 000 Oe as a function of the actual Zn doping for the three synthesis cases (all magnetisation curves can be found in the ESI †). It can be seen, that the magnetisation increases with increasing Zn content in the same manner for the three series. (It is also observed that for the ''OA'' series, the jump in saturation magnetisation upon Zn doping is quite remarkable. However, for this particular observation, the authors to date have not found any explanation.)
To find out more about the sub-nano structure of the particles, the three systems were at first examined with Mössbauer spectroscopy (MS).
The results of MS measurements performed at T = 80 K on all the samples of NaOH and NH 3 series are shown in Fig. 3 . The spectra of undoped samples (x = 0) reveal a characteristic shape of multisite iron oxide -broadened sextet. No significant evolution of the spectral shape was observed for NaOH and NH 3 series upon Zn doping, except for a gradual increase of mean isomer shift, hISi, and a small variation of the mean hyperfine field, hHi.
MS spectra of the OA series (Fig. 4) show a wide, broadened sextet, similar to the other series. However, they reveal additional narrow features characterised by weaker hyperfine fields and distinct isomer shift. The latter is attributed to significant amounts of spurious phases, namely cementite (Fe 3 C) and iron (a-Fe) that are present in various amounts in all the samples of the OA series.
Mössbauer spectra were also collected at T = 300 K. Contrary to low temperature spectra, they show a distinct shape for each series of NPs (Fig. 5) . All compounds containing unpaired valence or conduction electrons, should show a magnetic hyperfine field, B hf . However, the electronic spins which generate B hf are subject to changes of direction due to the electronic spin relaxation persisting within the observation time scale, which is in Mössbauer spectroscopy of order of 10 À8 s. The electronic spins which generate B hf are subject to changes of direction due to the electronic spin relaxation. This can be due to a competition between energies of magnetic anisotropy and thermal fluctuations. Table 1 , was found to differ with respect to the synthesis method. The red dots represent experimental spectrum, while the green solid line is a result of the numerical fit using three or four components (blue lines) corresponding to different iron sites of the spinel and surface iron ions.
In paramagnetic compounds, the spin relaxation is usually rapid and results in B hf being time averaged to zero so that no magnetic splitting and only a single line (or doublet) is seen. There are, however, intermediate possibilities where the electronic spins relax on a time scale comparable with that of the nuclear transition, and these result in more complicated relaxation spectra. This effect is well seen in the spectra of our nanoparticles also collected at T = 300 K. Contrary to low temperature spectra (with clearly visible magnetic splitting and well defined B hf ), they show a distinct shape for each series of NPs (Fig. 5) . Since the anisotropy energy depends on the anisotropy constant, K, and nanoparticle's volume, this can either be explained from a different average size for each of the nanoparticle series or by a different K as a result of an increasing structural disorder. A qualitative comparison of the Mössbauer spectra to that reported for ZnFe 2 O 4 nanoparticles 20 suggests that the average diameter of NaOH series is of the order of 10 nm. Following this interpretation, a deviating spectrum, as observed for NH 3 and OA, could be assigned simply to a different diameter of the particles of the other series. However, TEM images (Fig. 6 ) reveal that the precipitated particles (NaOH and NH 3 ) are about 8-10 nm in diameter. The OA-samples show a larger size of up to 15 nm in diameter (for detailed information on the size distribution of the samples see the ESI †). Therefore, at least for the NaOH and the NH 3 series, the explanation for the deviation in the Mössbauer spectra has to be related to differences in magnetic anisotropy most likely resulting from the structural order within the nanoparticles and not to differences in size (see below). The 80 K and 300 K spectra for the samples doped with Zn are very similar to the spectra of the undoped samples, except for the samples produced by OA. The thermal decomposition seems to deviate, resulting in the formation of not only magnetite but also of different Fe phases. The mean isomer shift hISi in the Mössbauer spectra indicates that all of the iron ions have a formal valence of 3+ (Fig. 7) . There is a constant increase of hISi observable, however, the values reached are still far below the hISi value 0.523 reported for magnetite. 21, 22 The values observed for the NH 3 and NaOH series are confined between 0.33 and 0.35. The observed increase of hISi with increasing Zn doping is most probably due to a change of the lattice parameter. The actual content, as listed in Table 1 , was found to differ with respect to the synthesis method. The mean hyperfine field hHi (Fig. 7) is close to the value of Fe 3 O 4 . 20 Hence, it is a spinel structured Fe(III) oxide. Upon Zn doping the hHi value increases, which is caused by an increased occupancy of the cationic sublattice up to approx. x = 0.2, for both NaOH and NH 3 series. The particles of the NaOH series are capable of receiving more Zn. However, for x > 0.2 a decrease of hHi is observable. The O h sublattice of iron is disturbed by Zn ions entering the O h sublattice.
The nanoparticles of the NH 3 series are magnetically well ordered, whereas the NaOH series exhibits a larger degree of magnetic disorder. This is evident from the relaxation MS spectra at RT (Fig. 5 ) and the saturation magnetisation values (Fig. 2) .
The OA series shows the presence of significant amounts of other phases in the MS spectra, namely metallic iron and cementite. The relaxation MS spectrum at RT of the undoped sample indicates a highly disordered structure. This correlates well with the low saturation magnetisation of this sample. The mean hISi and hHi values for the OA series are provided in Table 2 . Since the samples of OA series consist of many phases of unlike magnetic and electronic properties the quantitative values of mean hyperfine parameters are meaningless. As there is no clear dependence on the Zn content, the values are not plotted.
To delve further into the sub-nano/atomic structure of the particles, XANES was performed at the Fe, as well as at the Zn K-edge. Iron K-edge X-ray absorption spectra were collected from two end member samples of each series, namely undoped and the most doped ones (Fig. 8) .
The findings from the Mössbauer spectroscopy correlate well with the XANES spectra recorded for the undoped samples and maximally doped samples. Mössbauer T = 80 K, for the NH 3 and NaOH series as a function of the actual Zn doping (x). The OA series did not show any systematic dependency of these parameters on x and is therefore not shown.
The spectra of the NH 3 series do not show much evolution from the undoped to the doped state, as is the case for MS. The spectra show high similarity with the XANES spectrum of g-Fe 2 O 3 . This is especially good to see when analysing the 1st derivative of normalised spectra (Fig. 8b) . The positions of the distinctive peaks of the main maximum, A, B and C, match exactly those of g-Fe 2 O 3 reference spectra, as does the position of the slopes of the main maximum. These positions do not change upon doping. However, C increases significantly. From simulations it is known that features P and A are primarily sensitive to changes in the occupation of the tetrahedral sites, whereas features B and C are sensitive to octahedral sites. 23 Thus, one can see that for the iron ions the (relative) occupancy at the octahedral sites increases upon doping, whereas the tetrahedral sites remain unaffected. The spectra of the reference oxides were recorded on bulk samples in transmission mode and are self-absorption free. Therefore, the intensities of the features are expected to be different, but the positions are the same. Thus, one can only judge on the relative changes in the occupancies between doped and undoped NPs of the same series.
In the case of the NaOH series the spectral features of Fe K-edge XANES (Fig. 8c) have the positions of the g-Fe 2 O 3 reference, too. However, for this series a significant decrease in the occupation of Fe ions at the tetrahedral sites is observed upon Zn dopingfeatures P and A. Additionally, a strong increase of the Fe occupation at octahedral sites is evident -features B and C.
The XANES spectra of the OA support the findings from the Mössbauer spectroscopy. The undoped sample is Fe(III) oxide, with Fe both in octahedral and tetrahedral sites. However, it is strongly disordered. Zn doping distorts the structure even more.
The pre-peak P shows a shoulder at lower energies. This is an indication of the presence of metallic-like phases. 24 The main maximum is shifted to lower energies, thus the mean formal valence of the doped material is lower than Fe
3+
. 25 The doped NP samples (of highest Zn content) of all three series studied were also probed at the Zn K-edge (Fig. 9) . The NH 3 and NaOH sample spectra show a characteristic shape of Zn-ferrites that consist of three peaks between 9665 eV and 9675 eV. 26 Their relative intensity is typically considered as a fingerprint of the spinel inversion, namely the amount of Zn in octahedral sites. Most experimental and theoretical work reports that the relative intensity of the middle peak rises with inversion, 27 while the first and third peaks are usually identical in intensity. In our case, the NPs of NH 3 and NaOH series show a predominantly normal spinel structure (Zn 2+ occupying tetrahedral sites). This is especially valid for the NH 3 series, where Zn is found only at the T d sites. However, in the case of the NaOH series some Zn is additionally found at O h sites, owing to the twice as high Zn content of the maximally doped samples with respect to that of the NH 3 series. The spectrum of the OA series sample shows the three maxima, with the strongest middle peak (Zn occupying octahedral sites). However, the overall shape of the absorption edge is strongly modified. It is ascribed to a significant admixture of a ZnO phase. Taking together all of these findings, the following interpretations can be made.
OA series
The doping of the iron oxide nanoparticles with Zn causes decomposition into different phases. The main part is still the pristine iron oxide phase, most probably g-Fe 2 O 3 . Additionally, the spectroscopy techniques employed detected significant amounts of metallic a-Fe, cementite (Fe 3 C), and zinc oxide, however, these phases only prevail as traces and are difficult to reveal.
NaOH series
The iron oxide nanoparticles have the structure of a simple spinel, the spectroscopy results suggest g-Fe 2 O 3 . The overall structural Table 1 , was found to differ with respect to the synthesis method.
order is not as good as for the NH 3 series. Due to this lower order, it is easier for Zn to be incorporated. As found from ICP-OES, Zn can be incorporated to a much higher level compared to the NH 3 series. From XANES it was found that this can be explained by Zn being able to enter both the tetrahedral as well as the octahedral positions at high doping levels. This is apparently only possible due to the low-ordered structure of the particles from the NaOH series.
NH 3 series
The iron oxide nanoparticles have the structure of a simple spinel, the spectroscopy results suggest predominantly the structure of g-Fe 2 O 3 . The particles of this series have the best (magnetically) ordered structure among all particle series, as Mössbauer spectroscopy and XANES suggest. Most probably, due to this well ordered structure, there is a limit for the maximum possible Zn incorporation (as it was found from ICP-OES). Zn only occupies the tetrahedral positions and only up to a maximum of x = 0.22.
General valid for NaOH and NH 3 series
It cannot be excluded that the particles that initially formed were rather magnetite like, i.e., contained Fe(II), and post synthesis oxidation during sampling handling caused a progressive oxidation to Fe(III) species. However, apparently the oxidation state of Fe prevailing as the stable form in the particles is Fe(III). Nevertheless, it should be noted that during precipitation syntheses, the presence of Fe(II) is crucial to form spinel oxides, and no oxyhydroxides would form if only Fe(III) was present.
With respect to Zn uptake, the question remains as to why the difference between NH 3 and NaOH precipitation is so remarkable. At this stage, this difference has just been observed as a fact and the authors have no explanation yet for the difference. It can only be speculated that the precipitation kinetics is different for the two bases (NaOH is a much stronger base than NH 3 ). Potentially, also the evolution of Zn doped iron oxide nanocrystals via hydrolysis and condensation reactions upon pH increase take place in a very different manner just when the base (coming with all its specific properties) is changed. A detailed study on the reaction mechanism would go way beyond this work as, for instance, the oxyhydroxide formation from iron(III) alone is a remarkably complex field. 28 Additionally, sodium might play a role in the structure differences, as other than NH 3 the sodium ions are not volatile components.
Conclusion
From all the findings reported in this work, it can ultimately be concluded that as expected, Zn acts as a dopant to iron oxide nanoparticles resulting in increased magnetisation. This holds for different synthesis methods such as co-precipitation and thermal decomposition. However, the textbook reaction, namely that iron(III) is replaced by Zn(II) at the tetrahedral sites, whereas the rest of the nanocrystal structure stays unaffected, turned out to be not generalised. We also found that, when starting to look in very close detail into the structure of iron oxides with various spectroscopy techniques, new features can be unravelled. For instance, our own previous work also assumed a predominant magnetite character for the precipitated iron oxide nanoparticles in accordance with most of the existing literature. However, our latest findings show that there is more structural complexity even behind the simple and well established precipitation routes. Of course, this complexity drastically increases upon atomically changing the magnetic ordering within nanoparticles via doping.
Thus, the report here shows that it is crucial to very precisely study the obtained structures when ''playing'' with the atomic order in iron oxide nanocrystals.
